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(57) ABSTRACT 

A method of manufacturing a semiconductor device includes 
forming a first and a second isolation insulating film to define 
a first, a second, a third and a fourth region, forming a first 
insulating film, implanting a first impurity of a first conduc 
tivity type through the first insulating film into the first, the 
second and the fourth region at a first depth, forming a second 
insulating film thinner than the first insulating film, implant 
ing a second impurity of a second conductivity type through 
the second insulating film into the third region at a second 
depth in the semiconductor Substrate, implanting a third 
impurity of the second conductivity type into the third region 
at a third depth shallower than the second depth, forming a 
first transistor of the first conductivity type in the third region, 
and forming a second transistor of the second conductivity 
type in the fourth region. 

14 Claims, 34 Drawing Sheets 

e-WELL CONTACT REGIONA-ee- TRANSISTORREGION B - e 
<-- I -> <- II -se-III -->-e-IV -> <- V - e <- VI -e- 

t Z as 

  



US 8.216,895 B2 Sheet 1 of 34 Jul. 10, 2012 U.S. Patent 

Çz L 01 

No.ff=H=H)[ [ :: 

| 

| 

| 4 

|<— 1^ —>+<— ^ —>|<— AI —>|<– III —>|<— II –>|<— I —>| 
|<???????????????????????????????????- 8 NOIOTH HOISISNWHL —>+<– W NOIÐEY. Low LNOO TIEM —>| 

99 79 

  

  

  

  

    

  

  

  

  

    

  

  

    

  



US 8,216,895 B2 Sheet 2 of 34 

———— |<— g NOI?EN HOISISNV HL —>+<- W NOI?ER I SVINOO TIEM —>| 

Jul. 10, 2012 U.S. Patent 



US 8,216,895 B2 Sheet 3 of 34 Jul. 10, 2012 U.S. Patent 

------ |<— 9 NOIÐEH HOLSISNV HL —>|<– W NOI038 10VLNOOTTENW –>| 



US 8,216,895 B2 Sheet 4 of 34 Jul. 10, 2012 U.S. Patent 

q NOI?EN HOLSISNV HL —>}<– W NOIÐEYI LOVLNOO TIEM —>| 

  















U.S. Patent Jul. 10, 2012 Sheet 11 of 34 US 8,216,895 B2 

  



US 8,216,895 B2 Sheet 12 of 34 Jul. 10, 2012 

|<– 8 NOI?EN HOISISNWHL 

U.S. Patent 

  





US 8,216,895 B2 Sheet 14 of 34 Jul. 10, 2012 U.S. Patent 

  



US 8,216,895 B2 Sheet 15 of 34 Jul. 10, 2012 U.S. Patent 

  





US 8,216,895 B2 Sheet 17 of 34 Jul. 10, 2012 U.S. Patent 

ZZ 

GG £Z 

  

  

  



US 8.216,895 B2 Sheet 18 of 34 Jul. 10, 2012 U.S. Patent 

  



U.S. Patent Jul. 10, 2012 Sheet 19 of 34 US 8,216,895 B2 

COMPARATIVE EXAMPLE1 
COMPARATIVE EXAMPLE 2 

0.40 O.SO OBO 1.OO y 140 

DEPTH(um) 

as 

S 
d 

N-1 

f) 
O 

1. 
O 
A 
CA) 
O 
A 
L 
O 
2 

9 
s 
H 
2 

O 
2 
O 
Cld 
CP 
H 

> 

H 
al 
e 
CD 
O 
- 

  



U.S. Patent Jul. 10, 2012 Sheet 20 of 34 US 8.216,895 B2 

FIG.20 
9. 

THEEMBODIMENT (INEgg) 
| THEEMBODIMENT (LINEff) 

se 

N 

FIG. 1 (LINEb-b) 
is INTERFACE 

OO O25 0.50 0.75 1.00 25 50 1.75 
DEPTH(um) 

  

  

    

  

  



U.S. Patent Jul. 10, 2012 Sheet 21 of 34 US 8,216,895 B2 

FIG.21 

BORON OFFIG, 1 (LINE d-d) OR THE EMBODIMENT (-) 
PHOSPHORUS OFFIG, 1 (LINEcc) OR THE EMBODIMENT(h-h) 

PHOSPHORSOF THE EMBODIMENT (INE) 

O.OO 0.2O 0.40 0.60 O.80 OO 120 40 

DEPTH(um) 

  



US 8,216,895 B2 Sheet 22 of 34 Jul. 10, 2012 U.S. Patent 

NOI I VR||NEONOO STRHOHdSOHd| 2) ZZ'5ÐI 

  



US 8.216,895 B2 Sheet 23 of 34 Jul. 10, 2012 U.S. Patent 

  

  



U.S. Patent Jul. 10, 2012 Sheet 24 of 34 US 8.216,895 B2 

FIG.24A 

— — 
ser" 

as se spur SEMICONDUCTORDEVICE OFFIG. 1 
- - l 

O.OO .00 2.00 3.00 400 5.00 6.00 
V2 (Volts) 

FIG.24B 

Vsub=OV 

  

  

  

  



U.S. Patent Jul. 10, 2012 Sheet 25 of 34 US 8,216,895 B2 

FIG.25A 

-sa 

E 
s 
s 
a. 
f 
2 
LL 
f 
H 
2 

Y 
1. 
O 
CP 

S 
e 
- 
L 
O 

H 
2 

ad 
CD 
O 
- 

FIG.25B 

V4-OV 
  



US 8,216,895 B2 Sheet 26 of 34 

FIG.26A 

Jul. 10, 2012 

THE EMBODIMENT 

U.S. Patent 

FIG.26B 

Wise:OW 

- Vss-OV 

  

  



US 8,216,895 B2 Sheet 27 of 34 Jul. 10, 2012 U.S. Patent 

90 %,670 (/\)EÐVITOA 

?aeggae, ------------ | 

  



U.S. Patent Jul. 10, 2012 Sheet 28 of 34 US 8,216,895 B2 

LEAKAGE CURRENT DENSITY BETWEEN SECOND | 
p-WELL28ANDFIRST p-TYPESOURCE/DRAIN57 I 

an 

S 
S. 
aC 
N-1 

2. 
L 
C 
H 
2 

Y 
?y 

O 
LL 

S 
c 
L 
- 
L 
O 
> 
C 

?y 
CC 
CD 
O 
- 

0.00 0.10 0.20 0.30 0.40 0.50 

THICKNESS OF FIRST INSULATING FILM 21(um) 

  









US 8,216,895 B2 Sheet 32 of 34 Jul. 10, 2012 U.S. Patent 

— eO6 

06 

  



U.S. Patent Jul. 10, 2012 Sheet 33 of 34 US 8,216,895 B2 

  



U.S. Patent Jul. 10, 2012 Sheet 34 of 34 US 8,216,895 B2 

  



US 8,216,895 B2 
1. 

SEMCONDUCTOR DEVICE AND METHOD 
OF MANUFACTURING THE SAME 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is based upon and claims the benefit of 
priority from the prior Japanese Patent Application No. 2009 
171624, filed on Jul. 22, 2009, the entire contents of which is 
incorporated herein by reference. 

FIELD 

The present invention relates to a semiconductor device 
and a method of manufacturing the same. 

BACKGROUND 

In semiconductor devices, such as LSIs, various isolation 
techniques are used to electrically isolate elements disposed 
on semiconductor Substrates. As the isolation method, for 
example, a method is used in which, using the p-n junction 
between p-well and n-well, an element in the p-well and an 
element in the n-well are isolated from each other. There is 
also a technique in which isolation is performed by forming a 
trench in a semiconductor Substrate. Such as shallow trench 
isolation (STI). 

If isolation is insufficient, there is a possibility that the 
isolation breakdown Voltage between adjacent elements may 
become low, resulting in occurrence of punch-through 
between the elements. The punch-through may cause leakage 
current and hinder reduction in power consumption and the 
like in semiconductor devices. Furthermore, as the distance 
between elements decreases with miniaturization of semicon 
ductor devices, punch-through more easily occurs. 

Accordingly, it is desirable to provide an isolation structure 
in which isolation breakdown Voltage between elements may 
be sufficiently secured even if semiconductor devices become 
miniaturized. A technique regarding an isolation structure is 
described in Japanese Laid-Open Patent Publication No. 
11-111639. 

SUMMARY 

According to an aspect of the invention, a method of manu 
facturing a semiconductor device includes forming a first and 
a second isolation insulating film to define a first, a second, a 
third and a fourth region, forming a first insulating film, 
implanting a first impurity of a first conductivity type through 
the first insulating film into the first, the second and the fourth 
region at a first depth, forming a second insulating film thin 
ner than the first insulating film, implanting a second impurity 
of a second conductivity type through the second insulating 
film into the third region at a second depth in the semicon 
ductor Substrate, implanting a third impurity of the second 
conductivity type into the third region at a third depth shal 
lower than the second depth, forming a first transistor of the 
first conductivity type in the third region, and forming a 
second transistor of the second conductivity type in the fourth 
region. 
The object and advantages of the invention will be realized 

and attained by means of the elements and combinations 
particularly pointed out in the claims. It is to be understood 
that both the foregoing general description and the following 
detailed description are exemplary and explanatory and are 
not restrictive of the invention, as claimed. 
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2 
BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a cross-sectional view of a semiconductor device; 
FIGS. 2 to 18 are cross-sectional views illustrating a 

method of manufacturing a semiconductor device according 
to a first embodiment; 

FIG. 19 is a graph illustrating impurity concentration pro 
files in the first embodiment and Comparative Examples 1 
and 2: 

FIG. 20 is a graph illustrating boron concentration profiles 
in the semiconductor device according to the first embodi 
ment and the semiconductor device illustrated in FIG. 1; 

FIG. 21 is a graph illustrating impurity concentration pro 
files in the semiconductor device according to the first 
embodiment and the semiconductor device illustrated in FIG. 
1; 

FIGS. 22A, 22B, and 22C are views illustrating the phos 
phorus concentration distribution in the vicinity of the first 
isolation insulating film according to the first embodiment; 

FIGS. 23A, 23B, and 23C are views illustrating the current 
density of the semiconductor device according to the first 
embodiment; 

FIG. 24A is a graph illustrating the leakage current in the 
well contact region; 

FIG. 24B is a cross-sectional view of a semiconductor 
device used in measurement of the leakage current in FIG. 
24A; 

FIG. 25A is a graph illustrating the leakage current in the 
transistor region; 

FIG. 25B is a cross-sectional view of a semiconductor 
device used in measurement of the leakage current in FIG. 
25A; 

FIG. 26A is a graph illustrating the leakage current in the 
transistor region; 

FIG. 26B is a cross-sectional view of a semiconductor 
device used in measurement of the leakage current in FIG. 
26A: 

FIGS. 27A, 27B, 27C and 27D are views illustrating poten 
tial profiles in silicon substrates: 

FIG. 28 is a graph illustrating the thickness of the first 
insulating film according to the first embodiment; and 

FIGS. 29 to 34 are cross-sectional views illustrating a 
method for manufacturing a semiconductor device according 
to a second embodiment. 

DESCRIPTION OF EMBODIMENTS 

In a semiconductor device. Such as an LSI, p-wells and 
n-wells are formed so that various potential regions are 
formed in a semiconductor Substrate, and the wells are elec 
trically isolated from each other by p-n junctions, STI, or the 
like. 

FIG. 1 is a cross-sectional view illustrating an example of 
an arrangement of wells and STI. 
A semiconductor device illustrated in FIG. 1 includes a 

p-type silicon Substrate 10 having a well contact region A and 
a transistor region B. 

In the well contact region A, the silicon substrate 10 is 
divided into a first region I and a second region II by a first 
isolation insulating film 13a for STI. 
Two first n-wells 23 are formed in the regions I and II of the 

silicon substrate 10, the first n-wells 23 being formed by the 
same ion implantation step. A first p-well 27 is formed under 
the first isolation insulating film 13a, and the two n-wells 23 
were electrically isolated from each other by the p-n junction 
at the interface between the first p-well 27 and each of the 
n-wells 23. 
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Furthermore, n-type impurity regions 55 are formed as 
surface layers of the two n-wells 23 in order to reduce the 
contact resistance between each of conductive plugs 66a and 
66b, which will be described below, and the corresponding 
first n-well 23. 

In the transistor region B, the silicon substrate 10 is divided 
into a third region III, a fourth region IV, a fifth region V, and 
a sixth region VI by a second isolation insulating film 13b for 
STI. 
A second p-well 28 and a first n-type MOS transistor TR, 

(1) having first n-type source/drain regions 56 are formed in 
the third region III of the silicon substrate 10. 

In the fourth region IV of the silicon substrate 10, a first 
n-well 23, which is formed by the same step as that for the 
n-wells 23 in the well contact region A, is formed, and also a 
low-voltage p-type MOS transistor TR(low) having first 
p-type source/drain regions 57 is formed. 
The first n-well 23 in the fourth region IV and the second 

p-well 28 in the third region III are electrically isolated from 
each other by the p-n junction therebetween and the second 
isolation insulating film 13b. 

In the fifth region V of the silicon substrate 10, a second 
n-well 25, which is deeper than the first n-well 23, is formed 
so as to be connected to the first n-well 23. The second n-well 
25 may also be referred to as the “deep n-well'. 
A third p-well 29, which is formed by the same ion implan 

tation step as that for the second p-well 28, is formed in the 
silicon substrate 10 at the portion shallower than the second 
n-well 25. By enclosing the third p-well 29 with the second 
n-well 25, the third p-well 29 may be electrically isolated 
from its Surrounding. Thus, it is possible to apply a potential 
that is different from that of the second p-well 28 to the third 
p-well 29. 

Second n-type source/drain regions 58 of a second n-type 
MOS transistor TRO) are formed as surface layers of the 
third p-well 29. 

In the sixth region VI of the silicon substrate 10, a first 
n-well 23 is formed by the same ion implantation step as that 
for the n-wells 23 in the well contact region A and the fourth 
region IV. A high-voltage p-type MOS transistor TR(high), 
which has a higher operating Voltage than the low-voltage 
p-type MOS transistor TR (low) in the fourth region IV, and 
second p-type source/drain regions 59 of the transistor TR 
(high) are formed in the first n-well 23. 
A high-melting-point metal silicide layer 61, such as a 

cobalt silicide layer, is formed as a surface layer of the silicon 
substrate 10 in the regions A and B. The resistance of each of 
the source/drain regions 56 to 59 and the n-type impurity 
regions 55 is reduced by the high-melting-point metal silicide 
layer 61. 
A cover insulating film 63 and an interlayer insulating film 

64 are formed in that order over the entire upper surface of the 
silicon substrate 10. The cover insulating film 63 is, for 
example, a silicon nitride film, and the interlayer insulating 
film 64 is, for example, a silicon oxide film. 

Contact holes are formed by patterning in the insulating 
films 63 and 64, and a first conductive plug 66a, a second 
conductive plug 66a, and third conductive plugs 66c com 
posed oftungsten or the like are formed in the contact holes. 

In such a semiconductor device, the first n-type MOS tran 
sistor TR(1) and the low-voltage p-type MOS TRANSIS 
TORTR (low) are electrically isolated from each other by the 
second isolation insulating film 13b therebetween and the p-n 
junction between the wells 28 and 23. 
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4 
As semiconductor devices become miniaturized and the 

width of the second isolation insulating film 13b decreases, 
isolation by the isolation insulating film 13b becomes insuf 
ficient. 
As a result, there is a possibility that punch-through may 

occur along the path C1 between the second p-well 28 and the 
first p-type source/drain region 57 and punch-through may 
occur along the path C2 between the first n-well 23 and the 
first n-type source/drain region 56. 

In order to prevent the punch-through by sufficiently per 
forming isolation in the second isolation insulating film 13b. 
it is effective to increase the impurity concentration of the 
second p-well 28 at the side of the second isolation insulating 
film 13b to increase the potential barrier between the wells 23 
and 28 due to the p-n junction. 

In order to increase the impurity concentration of the sec 
ond p-well 28, for example, a method may be used in which 
the second p-well 28 is shallowly formed by decreasing the 
acceleration energy without changing the dose during the 
well formation. When this method is used, the third p-well 29, 
which is formed at the same time with the second p-well 28, 
is also shallowly formed. 

However, when the third p-well 29 is shallowly formed, 
cross-sectional area of the well is reduced, resulting in an 
increase in the well resistance. 

With respect to the well contact region A, as described 
above, the two first n-wells 23 are electrically isolated by the 
first p-well 27. 
The first p-well 27 is formed by the same ion implantation 

step as that for the second p-well 28 and the third p-well 29 in 
the transistor region B. 

However, since the first p-well 27 is formed under the first 
isolation insulating film 13a composed of amorphous silicon 
oxide, the directivity of ion-implanted impurity is disturbed 
by the first isolation insulating film 13a. Therefore, under the 
first isolation insulating film 13a, a phenomenon referred to 
as channeling in which the impurity reaches an unintended 
depth because of the crystallinity of the silicon substrate 10 is 
suppressed. Consequently, the first p-well 27 is formed shal 
lower than the second p-well 28 and the third p-well 29. 
When the first p-well 27 is shallowly formed as described 

above, the height of the potential barrier due to the p-n junc 
tion between each of the wells 23 and the well 27 increases in 
the deep portion of the silicon substrate 10. As a result, punch 
through easily occurs along the path C3 between the first 
n-wells 23. 
There is a possibility that punch-through may occur mark 

edly when the width of the first isolation insulating film 13a 
decreases with miniaturization of semiconductor devices. 

In view of the findings described above, the inventor of the 
present application has conceived the embodiments 
described below. 

FIGS. 2 to 18 are cross-sectional views illustrating steps of 
a method for manufacturing a semiconductor device accord 
ing to a first embodiment. The same reference numerals are 
used for the same components as those of the semiconductor 
device described with reference to FIG. 1. 
The semiconductor device according to the first embodi 

ment has a well contact region A and a transistor region B. 
As illustrated in FIG. 2, the surface of a p-type silicon 

substrate 10 with a resistivity of 10 S.2cm is subjected to 
thermal oxidation to form a thermal oxide film 11 with a 
thickness of about 10 nm. For example, a silicon nitride film 
12 with a thickness of about 90 nm is formed by chemical 
vapor deposition (CVD) on the thermal oxide film 11. 
As illustrated in FIG.3, the silicon substrate 10, the thermal 

oxide film 11, and the silicon nitride film 12 are subjected to 
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patterning using photolithography and dry etching to form 
isolation trenches 10a for STI in the silicon substrate 10. In 
the dry etching, the silicon nitride film 12 serves as a hard 
mask. 
The depth of the isolation trenches 10a is not particularly 

limited. In this embodiment, the isolation trenches 10a are 
formed at a depth of 260 to 350 nm and, for example, at a 
depth of 330 nm. 
As illustrated in FIG.4, a silicon oxide film is formed as an 

embedding insulating film 13 by CVD inside the isolation 
trenches 10a and over the silicon nitride film 12, and the 
isolation trenches 10a are embedded with the embedding 
insulating film 13. 
As illustrated in FIG. 5, the excess embedding insulating 

film 13 on the silicon nitride film 12 is removed by polishing 
by chemical mechanical polishing (CMP). Thereby, the 
embedding insulating film 13 remains as a first isolation 
insulating film 13a or a second isolation insulating film 13b in 
the isolation trenches 10a in the well contact region A and the 
transistor region B. 
As illustrated in FIG. 6, the thermal oxide film 11 and the 

silicon nitride film 12 are removed by dry etching to expose 
the clean surface of the silicon substrate 10. 
By carrying out the steps described above, the well contact 

region A of the silicon substrate 10 is divided into a first 
region I and a second region II by the first isolation insulating 
film 13a. The transistor region B of the silicon substrate 10 is 
divided into a third region III, a fourth region IV, a fifth region 
V, and a sixth region VI by the second isolation insulating film 
13b. 
A process for obtaining the cross-sectional structure illus 

trated in FIG. 7 will be described below. 
By subjecting the surface of the silicon substrate 10 to 

thermal oxidation, a thermal oxide film is formed as a first 
insulating film 21 with a first thickness T1. The first thickness 
T1 is not particularly limited. In this embodiment, the first 
thickness T1 is set at 120 to 360 nm and, for example, 210 nm. 
A photoresist is applied onto the first insulating film 21, 

and by exposing and developing the photoresist, a first resist 
pattern 22 is formed. 

Using the first resist pattern 22 as a mask and using the first 
insulating film 21 as a through film, phosphorus is ion-im 
planted as an n-type impurity into the silicon Substrate 10. 

Thereby, first n-wells 23 are formed at a first depth D1 in 
the well contact region A of the silicon substrate 10 and in the 
fourth and sixth regions IV and VI of the transistor region B. 
The conditions for the ion implantation are not particularly 
limited. For example, the acceleration energy is set at 360+30 
keV, the dose is set at 3x10" cm^+10%, and the tilt angle is 
Set at 0°. 

In this embodiment, the ion implantation is performed at an 
acceleration energy of 360 keV and a dose of 3x10" cm’. In 
Such a case, the peak depth at which the phosphorus concen 
tration is maximum in the silicon substrate 10 is 0.23 um, and 
the peak concentration of phosphorus at the depth is 1x10' 
cm. 
Among the first n-wells 23 formed as described above, the 

first n-wells 23 formed in the first region I and in the fourth 
region IV are linked together, and these regions are electri 
cally connected to each other by phosphorus in the first 
n-wells 23. 
The first n-wells 23 formed in the second region II and the 

sixth region VI are also linked together, and these regions are 
electrically connected to each other. 
The first resist pattern 22 is removed. 
A process for obtaining the cross-sectional structure illus 

trated in FIG. 8 will be described below. 
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6 
The first insulating film 21 used as the through film in the 

formation of the first n-wells 23 is removed by wet etching 
using a hydrofluoric acid solution. 
The silicon substrate 10 is subjected to thermal oxidation 

again to formathermal oxide film having a second thickness 
T2 that is smaller than the first thickness T1 of the first 
insulating film 21 (refer to FIG. 7), and the thermal oxide film 
is used as a second insulating film 30. The second thickness 
T2 is not particularly limited. In this embodiment, the second 
thickness T2 is set at 10 nm. 
A photoresist is applied onto the second insulating film 30, 

and by exposing and developing the photoresist, a second 
resist pattern 31 is formed. As illustrated in the drawing, the 
second resist pattern31 has windows 31a on the first isolation 
insulating film 13a in the well contact region A and on the 
third region III and the fifth region V. 

Using the second resist pattern 31 as a mask layer, boron is 
ion-implanted as a p-type impurity into the silicon Substrate 
10. 

In the ion implantation, the second insulating film 30 is 
used as a through film, and a first p-well 27 is formed under 
the first isolation insulating film 13a in the well contact region 
A. 

In the transistor region B, a second p-well 28 and a third 
p-well 29 are formed at substantially the same depth in the 
third region III and the fifth region V, respectively. 
The conditions for the ion implantation are not particularly 

limited. For example, the acceleration energy is set at 150+30 
keV, the dose is set at 3x10" cm’t 10%, and the tilt angle is 
Set at 0°. 

In this embodiment, the ion implantation is performed at an 
acceleration energy of 150 keV and a dose of 3x10" cm. 

In the ion implantation, the directivity of ion-implanted 
impurity is disturbed by the first isolation insulating film 13a 
and the second insulating film 30 composed of amorphous 
silicon oxide, and channeling of the impurity is Suppressed. In 
particular, the first p-well 27 is formed by the impurity in 
which channeling is effectively suppressed by both the first 
isolation insulating film 13a and the second insulating film 
30, and thus, has a shallower depth than the second p-well 28 
and the third p-well 29. 

Furthermore, in the second p-well 28 and the third p-well 
29, since the thickness of the second insulating film 30 is set 
smaller than the thickness of the first insulating film 21, the 
channeling effect is markedly exhibited compared with the 
first n-wells 23 which are formed using the first insulating 
film 21 as a through film, and the second p-well 28 and the 
third p-well 29 are formed at a second depth D2 which is 
larger than the first depth D1 illustrated in FIG. 7. 
By forming the second p-well 28 and the third p-well 29 

deeply in Such a manner, it is possible to prevent the cross 
sectional areas of the wells from being decreased because of 
decreased depth, and the resistance of the second p-well 28 
and the third p-well 29 may be maintained to be low. 
As illustrated in FIG. 9, while continuously using the sec 

ond resist pattern 31 as a mask, additional ion implantation of 
the p-type impurity is performed through the second insulat 
ing film 30 into the third region III and the fifth region V. 

Thereby, a fourth p-well32 is formed in each of the regions 
III and V of the silicon substrate 10 at a third depth D3 which 
is smaller than the second depth D2. 
The conditions for the ion implantation are not particularly 

limited. For example, boron is ion-implanted at an accelera 
tion energy of 60+20 keV, a dose of 1x10" cm^+10%, and a 
tilt angle of 0°. 

In this embodiment, the ion implantation is performed at an 
acceleration energy of 60 keV and a dose of 1x10" cm. 
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At the completion of this step, the peak concentration of 
boron in the second p-well 28 is 8x10"7 cm, and the peak 
depth is about 0.47 um. The peak depth is larger than 330 nm 
which is the depth of the bottom 13c of the second isolation 
insulating film 13b. Therefore, the potential barrier due to the 
p-n junction between the first n-well 23 and the second p-well 
28 on the lower side of the bottom 13c increases, and isolation 
may be performed satisfactorily on the lower side of the 
bottom 13c. 

In the fourth p-well 32 formed by the additional ion 
implantation, the peak concentration ofboron is 5x107 cm, 
and the peak depth is about 0.21 um. The depth is smaller than 
the depth of the bottom 13c of the second isolation insulating 
film 13b, and thus, the concentration peak of the fourthp-well 
32 is located at the side of the second isolation insulating film 
13b. Consequently, the boron concentration at the side of the 
second insulating film 13b is increased compared with the 
case where additional ion implantation is not performed, and 
isolation may be performed by the second isolation insulating 
film 13b. 

In the first p-well 27 under the first isolation insulating film 
13a, the peak concentration of boron is 1.5x10" cm, and 
the peak depth is about 0.49 um. 

Boron is implanted by the ion implantation described 
above also into the first isolation insulating film 13a on the 
first p-well 27. With respect to the boron distribution in the 
first isolation insulating film 13a, the peak concentration is 
8x10" cm, and the peak depth is about 0.24 um. 

Then, the second resist pattern 31 is removed. 
As illustrated in FIG. 10, a photoresist is applied again onto 

the second insulating film 30, and by exposing and develop 
ing the photoresist, a third resist pattern 35 is formed. 

Using the third resist pattern 35 as a mask, boron is ion 
implanted as a p-type impurity into the third region III and the 
fifth region V of the silicon substrate 10 to form p-type impu 
rity regions 33 for threshold adjustment. Such ion implanta 
tion may also be referred to as “channel implantation'. 

The conditions for the ion implantation are not particularly 
limited. For example, the acceleration energy is set at 10 keV. 
the dose is set at 1.8x10" cm, and the tilt angle is set at 7°. 
Then, the third resist pattern 35 is removed. 
As illustrated in FIG. 11, a fourth resist pattern36 is formed 

on the second insulating film 30. Using the fourth resist 
pattern 36 as a mask, arsenic is ion-implanted as an n-type 
impurity into the silicon substrate 10 to form a first n-type 
impurity region 37 for threshold adjustment in the fourth 
region IV. The ion implantation is performed, for example, at 
an acceleration energy of 100 keV, a dose of 2.3x10" cm’, 
and a tilt angle of 7. 

Furthermore, after the fourth resist pattern 36 is removed, 
as illustrated in FIG. 12, a fifth resist pattern 39 is formed on 
the second insulating film 30. 

Using the fifth resist pattern 39 as a mask, arsenic is ion 
implanted as an n-type impurity into the silicon Substrate 10 
in the sixth region VI to form a second n-type impurity region 
38 for threshold adjustment. The ion implantation is per 
formed, for example, at an acceleration energy of 100 keV, a 
dose of 4x10'’ cm, and a tilt angle of 7°. Then, the fifth resist 
pattern 39 is removed. 
As illustrated in FIG. 13, a photoresist is applied again onto 

the second insulating film 30, and by exposing and develop 
ing the photoresist, a sixth resist pattern 26 is formed. 

Using the sixth resist pattern 26 as a mask and using the 
second insulating film 30 as a through film, phosphorus is 
ion-implanted as an n-type impurity into the silicon Substrate 
10. 
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Thereby, a second n-well 25 is formed in the fifth region V 

of the silicon substrate 10 at a fourth depth D4 which is larger 
than the first depth D1. The second n-well 25 is formed as a 
deep n-well. For example, the ion implantation is performed 
under the conditions in which the acceleration energy is set at 
700 keV to 900 keV, the dose is set at 2E10" cm^+20%, and 
the tilt angle is set at 0°. Then, the sixth resist pattern 26 is 
removed. 

Here, if the third p-well 29 is formed deeper than the 
second n-well 25, it is not possible to electrically isolate the 
third p-well 29 from its surrounding by the second n-well 25. 
Therefore, the second depth D2 is preferably smaller than the 
fourth depth D4. 

Thereby, the third p-well 29 is formed deeply in the sub 
strate within the range enclosed by the second n-well 25. 
Thus, it is possible to realize the third p-well 29 which is 
enclosed by the second n-well 25 and which has a low resis 
tance. 

As illustrated in FIG. 14, by subjecting the surface of the 
silicon substrate 10 to thermal oxidation, athermal oxide film 
which serves as a gate insulating film 41 is formed. 

In the formation of the gate insulating film 41, after the 
silicon substrate 10 in the regions A and B is subjected to 
thermal oxidation, the thermal oxide film is removed by wet 
etching except for the thermal oxide film in the sixth region 
VI. Then, by subjecting the silicon substrate 10 to thermal 
oxidation again, the gate insulating film 41 is formed Such 
that the thickness in the sixth region VI is larger than the 
thickness in the other regions. 

Each thermal oxidation is performed, for example, by rapid 
thermal annealing (RTA). During the thermal oxidation, the 
substrate temperature is set at 1,000° C. and the treatment 
time is set at 10 seconds. When these conditions are met, the 
thickness of the gate insulating film 41 in the sixth region VI 
is 3.0 to 4.0 nm, and the thickness of the gate insulating film 
41 in the regions other than the sixth region VI is about 1.5 to 
1.7 nm. 
A polysilicon film is formed at a thickness of 75 to 105 nm. 

on the gate insulating film 41 by CVD using silane as a film 
forming gas at a substrate temperature of 590° C. to 610°C. 
The resulting polysilicon film is used as a conductive film 45. 
As illustrated in FIG. 15, the conductive film 45 is sub 

jected to patterning using photolithography and dry etchingto 
form a first gate electrode 45a, a second gate electrode 45b, a 
third gate electrode 45c., and a fourth gate electrode 45d in the 
third region III, the fourth region IV, the fifth region V, and the 
sixth regions VI, respectively. 
A transistor having a higher operating Voltage than transis 

tors in the third region III, the fourth region IV, and the fifth 
region V is formed in the sixth region VI. Therefore, the fourth 
gate electrode 45d in the sixth region VI is formed with a 
larger gate length than the first gate electrode 45a, the second 
gate electrode 45b, and the third gate electrode 45c. 
A process for obtaining the cross-sectional structure illus 

trated in FIG. 16 will be described below. 
First n-type source? drain extensions 51, second n-type 

source/drain extensions 53, first p-type source/drain exten 
sions 52, and second p-type source/drain extensions 54 are 
formed in the silicon substrate 10 by ion implantation using 
the first gate electrode 45a, the second gate electrode 45b, the 
third gate electrode 45c., and the fourth gate electrode 45d as 
masks. 
The first n-type source/drain extensions 51 and the second 

n-type source/drain extensions 53 are formed by ion implan 
tation of arsenic under the conditions in which the accelera 
tion energy is set at 1 keV, the dose is set at 1x10'cm', and 
the tilt angle is set at 0°. 
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The first p-type source/drain extensions 52 are formed by 
ion implantation of boron under the conditions in which the 
acceleration energy is set at 0.5 keV, the dose is set at 8x10" 
cm, and the tilt angle is set at 0°. 
As the impurity for forming the second p-type source/drain 

extensions 54, boron is used, and the ion implantation is 
performed, for example, at an acceleration energy of 2 keV, a 
dose of 6x10" cm', and a tilt angle of 0°. 

Before the source/drain extensions 51 to 54 are formed, 
pocket implantation may be performed. 

In pocket implantation for the second p-well 28 and the 
third p-well 29, indium is ion-implanted under the conditions 
in which the acceleration energy is set at 40 keV, the dose is 
set at 9x10' cm, the tilt angle is set at 30°. 

In pocket implantation for the first n-wells 23, arsenic is 
used as an impurity, and the implantation is performed, for 
example, under the conditions in which the acceleration 
energy is set at 60 keV, the dose is set at 5x10" cm, and the 
tilt angle is set at 30°. 
An insulating film is formed over the entire upper Surface 

of the silicon substrate 10. The insulating film is etched back 
to leave insulating sidewalls 46 with a width of about 70 nm 
on the sides of each of the first gate electrode 45a, the second 
gate electrode 45b, the third gate electrode 45c., and the fourth 
gate electrode 45d. As the insulating film, for example, a 
silicon oxide film with a thickness of 70 nm is formed by 
CVD at a substrate temperature of 520° C. 

First n-type source/drain regions 56, second n-type source? 
drain regions 58, first p-type source/drain regions 57, and 
second p-type source/drain regions 59 are formed in the sili 
con Substrate 10 by ion implantation using the insulating 
sidewalls 46, the first gate electrode 45a, the second gate 
electrode 45b, the third gate electrode 45c., and the fourthgate 
electrode 45d as masks. 
The conditions for the ion implantation are not particularly 

limited. In this embodiment, two-step ion implantation is 
performed as follows. 

First, in forming the first n-type source/drain regions 56 
and the second n-type source/drain regions 58, in the first ion 
implantation step, phosphorus is ion-implanted at an accel 
eration energy of 15 keV, a dose of 5x10" cm, and a tilt 
angle of 0°. 

In the second step, phosphorus is ion-implanted at an accel 
eration energy of 8 keV, a dose of 1x10' cm and a tilt angle 
of O. 
When the first n-type source/drain regions 56 and the sec 

ond n-type source/drain regions 58 are formed, at the same 
time, phosphorus is also ion-implanted as an n-type impurity 
into the well contact region A to form n-type impurity regions 
55. 

In the first ion implantation step for forming the first p-type 
Source/drain regions 57 and the second p-type source/drain 
regions 59, boron is implanted. The implantation is per 
formed, for example, under the conditions in which the accel 
eration energy is set at 8 keV, the dose is set at 1x10" cm, 
and the tilt angle is set at 0°. In the second step, boron is 
ion-implanted under the conditions in which the acceleration 
energy is set at 4 keV, the dose is set at 6x10" cm, and the 
tilt angle is set at 0°. 
By carrying out the steps described above, a basic structure 

including a first n-type MOS transistor TR(1), a second 
n-type MOS transistor TR(2), a low-voltage p-type MOS 
transistor TR(low), and a high-voltage p-type MOS transis 
tor TR(high) is completed in the transistor region B of the 
silicon substrate 10. 
Among these transistors, the high-voltage p-type MOS 

transistor TR(high) has a thicker gate insulating film and a 
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10 
largergate length than the low-voltage p-type MOS transistor 
TR(low) and has a higher driving voltage than the low 
voltage p-type MOS transistor TR(low). 
The driving Voltage of each of the transistors is not particu 

larly limited. For example, the gate voltage of each of the 
low-voltage p-type MOS transistor TR (low), the first n-type 
MOS transistor TR(1), and the second n-type MOS transis 
tor TR,(2) is 1.1 V and the gate voltage of the high-voltage 
p-type MOS transistor TR(high) is 1.8 V. 
AS activation annealing for activating impurities in the 

source/drain regions 56 to 59. RTA is performed at a substrate 
temperature of 1,030°C. with a treatment time of one second. 
A process for obtaining the cross-sectional structure illus 

trated in FIG. 17 will be described below. 
A cobalt film is formed by sputtering over the entire upper 

surface of the silicon substrate 10, and the cobalt film is 
allowed to react with silicon by heating to form cobalt silicide 
as a high-melting-point metal silicide film 61. 
The unreacted cobalt film on the first isolation insulating 

film 13a, the second isolation insulating film 13b, and the like 
is removed by wet etching Such that the high-melting-point 
metal silicide film 61 remains only on the silicon substrate 10, 
the first gate electrode 45a, the second gate electrode 45b, the 
third gate electrode 45c., and the fourthgate electrode 45d. 
A silicon nitride film is formed as a cover insulating film 63 

by CVD over the entire upper surface of the silicon substrate 
10. The silicon nitride film is formed, for example, under the 
conditions in which the substrate temperature is set at about 
600° C. and the thickness is set at about 80 nm. 
A silicon oxide film is formed as an interlayer insulating 

film 64, by CVD using TEOS gas, with a thickness of about 
145 nm on the cover insulating film 63. Then, the upper 
surface of the interlayer insulating film 64 is planarized by 
polishing by CMP. 
As illustrated in FIG. 18, the interlayer insulating film 64 

and the cover insulating film 63 are subjected to patterning 
using photolithography and dry etching to form contact holes 
64a in the source/drain regions 56 to 59 and the insulating 
films 63 and 64 in the well contact region A. 
A first conductive plug 66a, a second conductive plug 66b, 

and third conductive plugs 66 careformed in the contact holes 
64a. The conductive plugs 66a to 66c are formed, for 
example, by a method in which the contact holes 64a are 
embedded with a glue film formed by sputtering and a tung 
sten film formed by CVD, and then the excess glue film and 
tungsten film on the interlayer insulating film 64 are removed 
by polishing by CMP. 
As the glue film, a metal laminated film with a thickness of 

14 nm is formed, the metal laminated film being formed by 
stacking a titanium film and a titanium nitride film in that 
order, and the tungsten film is formed with a thickness of 
about 200 nm. 
The first conductive plug 66a and the second conductive 

plug 66b thus formed are electrically connected to the silicon 
substrate 10 in the first region I and the second region II, 
respectively, and the third conductive plugs 66c are electri 
cally connected to the silicon substrate 10 in the third region 
III, the fourth region IV, the fifth region V, and the sixth region 
VI. 
The potential of the first conductive plug 66a is imparted 

through the first n-well 23 in the first region I to the first n-well 
23 in the fourth region IV, and thereby, a well potential 
required for driving the low-voltage p-type MOS transistor 
TR(low) is applied. 
The potential of the second conductive plug 66b is 

imparted through the first n-well 23 in the second region II to 
the first n-well 23 in the sixth region VI, and thereby, a well 
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potential required for driving the high-voltage p-type MOS 
transistor TR(high) is applied. 

Since the transistor TR(low) and the transistor TR(high) 
have different operating Voltages, different potentials corre 
sponding to the operating Voltages are applied to the first 
conductive plug 66a and the second conductive plug 66b. 

According to this embodiment, as illustrated in FIG. 7, the 
thickness T1 of the first insulating film 21 is set larger than the 
thickness T2 of the second insulating film 30 illustrated in 
FIG. 8. Consequently, the directivity of the impurity during 
the formation of the first n-well 23 using the first insulating 
film 21 as a through film is disturbed compared with the case 
where the second p-well 28 is formed using the second insu 
lating film 30 as a through film, and channeling of the impu 
rity may be Suppressed. 
As a result, the first n-well 23 is formed in the silicon 

substrate 10 at a depth smaller than that of the second p-well 
28, and the concentration of the n-type impurity in the first 
n-well 23 on the side of the second isolation insulating film 
13b is increased. 

Consequently, it is possible to increase the potential barrier 
due to the p-n junction between the second p-well 28 and the 
first n-well 23, and isolation by the second isolation insulating 
film 13b may be securely performed. 

In this embodiment, as illustrated in FIG.9, since the fourth 
p-well 32 is formed in the second p-well 28 by performing 
additional ion implantation, the p-type impurity concentra 
tion on the side of the second isolation insulating film 13b 
may be increased. Consequently, the potential barrier due to 
the p-n junction between the wells 23 and 28 is further 
increased, and isolation may be more securely performed. 
As a result, it is possible to prevent punch-through from 

occurring along the path C1 between the second p-well 28 and 
the first p-type source/drain region 57 or punch-through 
occurring along the path C2 between the first n-well 23 and 
the first n-type source/drain region 56. 

In the well contact region A, as described above, since the 
first n-wells 23 are formed shallowly, the first p-well 27 is 
located at the side of the bottoms of the first n-wells 23. 
Consequently, the two first n-wells 23 may be securely elec 
trically isolated by the first p-well 27, and it is possible to 
Suppress punch-through along the path C3. 
As described above, in this embodiment, since occurrence 

of punch-through along the paths C1 to C3 may be Sup 
pressed, the amount of leakage current caused by punch 
through may be decreased, and the isolation breakdown Volt 
age between elements may be increased. 

Next, a study conducted by the inventor of the present 
application in association with this embodiment will be 
described. 
As described above, in this embodiment, by forming the 

first insulating film 21 with a thickness that is larger than the 
thickness of the second insulating film 30, the first n-wells 23 
are formed shallowly. 

It may be considered that, by simply decreasing accelera 
tion energy for ion implantation in the formation of the first 
n-wells 23, the first n-wells 23 may be formed shallowly. 

FIG. 19 is a graph which illustrates differences in the 
impurity concentration profile due to differences in the tech 
nique for forming the first n-wells 23 shallowly. In FIG. 19. 
the horizontal axis represents the depth from the surface of the 
silicon Substrate 10, and the vertical axis represents the loga 
rithmic concentration of phosphorus. 

In Comparative Example 1 in FIG. 19, the thickness of the 
first insulating film 21 is set at 10 nm, which is smaller than 
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12 
that in this embodiment, and the first n-wells 23 are formed 
under the same ion implantation conditions as those in this 
embodiment. 
As illustrated in the concentration profile of Comparative 

Example 1, when the thickness of the first insulating film 21 
is decreased, phosphorus is ion-implanted into a region that is 
deeper than that in this embodiment, and the first n-wells 23 
may not be formed shallowly. The reason for this is that the 
directivity of ion-implanted phosphorus may not be suffi 
ciently disturbed by the thin first insulating film 21, and some 
phosphorus may reach the deep portion of the silicon Sub 
strate 10 because of channeling. 

In Comparative Example 2, the thickness of the first insu 
lating film 21 is set at 10 nm, which is smaller than that in this 
embodiment, and the acceleration energy for ion implantation 
is set at 220 keV, which is smaller than that in this embodi 
ment, and the phosphorus concentration profile is obtained. 
The dose and the tilt angle in Comparative Example 2 are the 
same as those in this embodiment. 
As illustrated in the concentration profile of Comparative 

Example 2, when the acceleration energy is decreased, the 
concentration peak becomes shallower than that of Compara 
tive Example 1, and the concentration peak is located at 
substantially the same depth as that in this embodiment. 

However, in the concentration profile of Comparative 
Example 2, tailing referred to as a “channeling tail” occurs, 
and phosphorus is implanted into a portion of the Substrate 
deeper than that in this embodiment. The reason for this is 
that, as in Comparative Example 1, channeling may not be 
suppressed sufficiently by the thin first insulating film 21. 
As is evident from this result, when acceleration energy is 

simply decreased, a channelingtail occurs, and it is difficult to 
form the first n-wells 23 shallowly. 

FIG.20 is a graph which illustrates differences in the boron 
concentration profile with respect to the semiconductor 
device in this embodiment and the semiconductor device of 
FIG. 1. The horizontal axis represents the depth from the 
surface of the silicon substrate 10, and the vertical axis rep 
resents the logarithmic concentration of boron. 

In this embodiment, concentration profiles along the line 
g-g and the line f-f in FIG. 18 were studied. With respect to the 
semiconductor device described with reference to FIG. 1, 
concentration profiles along the linea-a and the line b-b were 
studied. 
Among these cross-sectional lines, each of the line g-g of 

this embodiment and the lineb-b of FIG. 1 is a cross-sectional 
line passing through the first isolation insulating film 13a. 
As illustrated in FIG. 20, two peaks appear in the concen 

tration profile along the line g-g of this embodiment. The 
shallower peak from the substrate surface is located inside the 
first isolation insulating film 13a. This peak corresponds to 
the additional ion implantation of boron described with ref 
erence to FIG. 9 and does not appear in the concentration 
profile along the line b-b of FIG. 1. 

FIG. 21 is a graph which illustrates differences in the 
impurity concentration profile with respect to the semicon 
ductor device in this embodiment and the semiconductor 
device of FIG. 1 and which illustrates concentration profiles 
in cross-sections which are different from the cross-sections 
illustrated in FIG. 20. 

In FIG. 21, with respect to this embodiment, concentration 
profiles along the line h-hand the line i-i in FIG. 18 were 
studied, and with respect to FIG. 1, concentration profiles 
along the line c-c and the line d-d were studied. 
As illustrated in FIG. 21, in this embodiment, the phospho 

rus concentration profile along the line i-i terminates at a 
portion of the substrate shallower than the boron concentra 
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tion profile along the line h-h. Since the line i-i passes through 
the first n-well 23 and the line h-h passes through the second 
p-well 28, it is confirmed that the first n-well 23 is formed 
shallower than the second p-well 28 in this embodiment. 

Furthermore, the boron concentration profile along the line 
h-h in this embodiment is shifted upward with respect to the 
concentration profile along the line c-c of FIG. 1. This is 
caused by the additional ion implantation of boron described 
with reference to FIG. 9. 

The depth of the portion in which the boron concentration 
is shifted upward as described above is shallower than 0.33 
um which is the depth of the bottom of the second isolation 
insulating film 13b. This illustrates that the boron concentra 
tion of the second p-well 28 at the side of the second isolation 
insulating film 13b is increased by the additional ion implan 
tation. 

FIGS. 22A, 22B, and 22C are views obtained by simulation 
of impurity concentration distribution in the first n-wells 23 in 
the vicinity of the first isolation insulating film 13a. FIG.22A 
illustrates the simulation result for the semiconductor device 
illustrated in FIG.1. FIG.22B illustrates the simulation result 
for the semiconductor device fabricated in this embodiment. 
FIG.22C illustrates the phosphorus concentrations indicated 
by the hatchings illustrated in FIGS. 22A and 22B. The impu 
rity Subjected to simulation is phosphorus, and the distribu 
tion of impurities other than phosphorus is omitted. Note that 
the impurity concentration distribution is obtained after the 
high-melting-point metal silicide layer 61 illustrated in FIG. 
17 is formed. 
As illustrated in FIGS. 22A and 22B, in this embodiment, 

since the first insulating film 21 is formed with a larger thick 
ness than the thickness of the second insulating film 30 so that 
channeling is suppressed during the formation of the first 
n-wells 23, the concentration profile moves toward the shal 
low portion of the substrate compared with the semiconductor 
device of FIG.1. Accordingly, the junction J between the first 
n-well 23 and the p-type silicon substrate 10 also moves 
toward the substrate surface side. 

FIGS.23A, 23B, and 23C are views obtained by simulation 
of leakage current density of semiconductor devices. FIG. 
23A illustrates the simulation result for the semiconductor 
device illustrated in FIG. 1. FIG. 23B illustrates the simula 
tion result for the semiconductor device fabricated in this 
embodiment. FIG. 23C illustrates the current densities indi 
cated by the hatchings illustrated in FIGS. 23A and 23B. The 
simulation was performed under the conditions in which, 
while the left first n-well 23 was maintained at a ground 
potential, a potential of +1 V was applied to the right first 
n-well 23. 
As illustrated in FIGS. 23A and 23B, in the semiconductor 

device of FIG. 1, leakage current markedly occurs between 
the two first n-wells 23. 

The reason for this is believed to be that since the junction 
J is located deeply in the substrate, the two first n-wells 23 are 
not satisfactorily isolated from each other by the first p-well 
27 (not illustrated) which is formed in the shallow portion of 
the substrate, and punch-through occurs between the two first 
n-wells 23. 

In contrast, in this embodiment, since the junction J is 
formed in the shallow portion of the substrate compared with 
the semiconductor device of FIG. 1, the two first n-wells 23 
may be satisfactorily isolated from each other by the first 
p-well 27, and leakage current may be suppressed. 

FIG. 24A includes a graph obtained by simulation of the 
leakage current density in the well contact region A. 

In the simulation, while the potential V of the right first 
n-well 23 was varied in the range of 0 V to +6 V, the leakage 
current density between the two first wells 23 was calculated. 
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Note that each of the potential V of the left first n-well 23 and 
the potential V, of the silicon Substrate 10 is a ground 
potential. 
The leakage current density was calculated by a method in 

which, in the cross-sectional view of FIG.24B, an imaginary 
rectangle through which current passes was formed in a direc 
tion perpendicular to the sheet of the drawing, one side of the 
imaginary rectangle in the direction perpendicular to the 
sheet of the drawing was fixed at 1 um, and the length of 
remaining one side was considered as a unit length. Conse 
quently, in this simulation, the unit of measure of the leakage 
current density is A/um. 

With respect to the pattern size, simulation was performed 
by setting W1 in FIG. 8 to 0.8 um and W2 to 1.08 um. Note 
that W1 is the width of the window 31a of the second resist 
pattern 31, and W2 is the width of the first isolation insulating 
film 13a. 

In FIG. 24A, the leakage current density value is repre 
sented by logarithm. 
As illustrated in FIG. 24B, in this embodiment, even if the 

potential V is increased, the leakage current density does not 
markedly increase. 

In contrast, in the semiconductor device of FIG. 1, the 
leakage current density increases with an increase in the 
potential V. 

This result confirms that it is effective for reducing leakage 
current in the well contact region. A to set the thickness of the 
first insulating film 21 larger than the thickness of the second 
insulating film 30 as in this embodiment. 

FIG. 25A includes a graph obtained by simulation of the 
leakage current density in the transistor region B. 

In this simulation, the potential V of the second p-well 28 
was set at a ground potential. The potential V of each of the 
first n-type source/drain extension 51 and the first n-type 
Source/drain region 56 was also set at the ground potential. In 
this state, while the potential Vs of the first n-well 23 was 
varied in the range of 0 to +10 V, the leakage current density 
between the first n-type source/drain region 56 and the first 
n-well 23 was calculated. 
With respect to the pattern size during simulation, W3 in 

FIG.8 was set at 140 nm, and W4 was set at 70 nm. W3 is the 
width of the second isolation insulating film 13b. W4 is the 
receding amount of the second resist pattern 31 from the side 
face of the second isolation insulating film 13b. In the simu 
lation, the receding amount W5 of the first resist pattern 22 
from the side face of the second isolation insulating film 13b 
was set at 70 nm. 
As illustrated in FIG. 25A, when compared at the same 

potential Vs., the leakage current density in this embodiment 
is Smaller than the leakage current density in the semiconduc 
tor device of FIG. 1. As is evident from this result, this 
embodiment is effective for reducing the leakage current 
between the first n-type source/drain region 56 and the first 
n-well 23 in the transistor region B in comparison with the 
semiconductor device of FIG. 1. 

FIG. 26A includes a graph obtained by simulation of the 
leakage current density in the transistor region B in which the 
potentials are set differently from FIG. 25A. 

In this simulation, the potential Vs of the first n-well 23 was 
set at a ground potential. The potential of each of the first 
p-type source/drain extension 52 and the first p-type source? 
drain region 57 was also set at the ground potential. 

In this state, while the potential V of the second p-well 28 
was varied in the range of 0 to -10 V, the leakage current 
density between the first p-type source/drain region 57 and 
the second p-well 28 was calculated. 
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As illustrated in FIG. 26A, when compared at the same 
potential V, the leakage current density in this embodiment 
is Smaller than the leakage current density in the semiconduc 
tor device of FIG. 1, which confirms that this embodiment is 
effective for Suppressing leakage current. 

FIGS. 27A, 27B, and 27C are views illustrating the results 
of simulation of potential profiles in silicon substrates 10. 
FIG. 27A illustrates the results of simulation for the semicon 
ductor device illustrated in FIG. 1. FIGS. 27B and 27C illus 
trate the results of simulation for the semiconductor device 
fabricated in this embodiment. 

In this example, potential profiles were studied in the sec 
ondisolation insulating film 13b and the second p-well 28 and 
the first n-well 23 located at both side of the second isolation 
insulating film 13b in the transistor region B. 

In this simulation, the potential of each of the silicon sub 
strate 10, and wells 23 and 28 are set at a ground potential. 

Because of the calculation method, the arrangement is 
left-right reversed between the wells 23 and 28 compared 
with FIG. 18, etc. 
As illustrated in FIG. 27A, in the semiconductor device of 

FIG. 1, the first n-well 23 is formed deeper than the second 
p-well 28, and the p-n junction between the first n-well 23 and 
the p-type silicon substrate 10 is formed at a deep portion of 
the substrate 10. 

FIG. 27B illustrates the view in the case where the first 
n-well 23 is formed shallowly by setting the thickness of the 
first insulating film 21 at 210 nm as in this embodiment. 
However, additional ion implantation of the p-type impurity 
into the second p-well 28 (FIG.9) is omitted. 
As indicated by the arrow K in FIG. 27B, when the addi 

tional ion implantation is omitted, the potential of the first 
n-well 23 projects toward the second p-well 28, and the first 
n-well 23 and the first n-type source/drain region 56 come 
close to each other. 

FIG. 27C illustrates the view in the case where, as in this 
embodiment, the thickness of the first insulating film 21 is set 
at 210 nm and as illustrated in FIG.9, additional ion implan 
tation of the p-type impurity is performed into the second 
p-well 28. 
When the additional ion implantation is performed, pro 

jection of the potential of the first n-well 23 toward the second 
p-well 28 is suppressed. 
As is evident from this result, the additional ion implanta 

tion of the p-type impurity into the second p-well 28 Sup 
presses the first n-well 23 and the first n-type source/drain 
regions 56 from coming close to each other and is useful for 
Suppressing the risk of flowing of leakage current therebe 
tWeen. 

FIG. 28 is a graph obtained by simulation of the appropri 
ate thickness of the first insulating film 21 used as a through 
film in the formation of first n-wells 23. 

In FIG. 28, the line represented by black squares indicates 
the leakage current density between two n-wells 23 when a 
voltage V was applied between the two n-wells 23 as 
described with reference to FIG. 24B. The absolute value of 
the voltage V was fixed at 6V. While the thickness of the first 
insulating film 21 was varied, the leakage current density 
between the two n-wells 23 was calculated. 

The line represented by white triangles indicates the leak 
age current density between a first p-type source/drain region 
57 and a second p-well 28 when a voltage V was applied 
between the first p-type source/drain region 57 and the second 
p-well 28 as described with reference to FIG. 26B. The abso 
lute value of the voltage V was fixed at 6 V. While the 
thickness of the first insulating film 21 was varied, the leakage 
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16 
current density between the first p-type source? drain region 
57 and the second p-well 28 was calculated. 
As illustrated in FIG. 28, the leakage current density 

between the two first n-wells 23 indicated by black squares is 
maintained to below when the thickness of the first insulating 
film 21 is in a range of 0.10 um or more. 
The leakage current density between the second p-well 28 

and the first p-type source/drain 57 indicated by white tri 
angles is maintained to be low when the thickness of the first 
insulating film 21 is in a range of 0.36 um or less. 
As is evident from this result, in order to simultaneously 

Suppress the two types of leakage current described above, it 
is necessary to set the thickness of the first insulating film 21 
in a range of 0.10 to 0.36 um. 
A second embodiment will be described below. In the first 

embodiment, as the first insulating film 21 which serves as a 
through film for first n-wells 23, single-layered silicon oxide 
film is formed. The structure of the first insulating film 21 is 
not limited thereto, and a stacked film described below may 
be formed as the first insulating film. 

FIGS. 29 to 34 are cross-sectional views illustrating steps 
of a method for manufacturing a semiconductor device 
according to the second embodiment. The same reference 
numerals are used for the same components as those 
described in the first embodiment, and the description thereof 
will be omitted. 

In order to manufacture the semiconductor device accord 
ing to this embodiment, after carrying out the steps described 
with reference to FIGS. 2 to 6 in the first embodiment, as 
illustrated in FIG. 29, athermal oxide film with a thickness of 
about 10 nm is formed on the silicon substrate 10 as a lower 
layer 90a of a first insulating film 90, which will be described 
below. 
As illustrated in FIG. 30, by applying a photoresist by 

spin-coating on the lower layer 90a, a photoresist layer is 
formed as an upper layer 90b of the first insulating film 90 
with a thickness of 120 to 360 nm, for example, 210 nm. 
The conditions for forming the upper layer 90b are not 

particularly limited. In this embodiment, after a photoresist 
coating film is formed on the lower layer 90a, the coating film 
is heated to a first temperature that is higher than the tempera 
ture at which the photoresist is crosslinked, e.g., at about 350° 
C., thereby forming the upper layer 90b which is composed of 
the sufficiently crosslinked photoresist. 
As illustrated in FIG. 31, a photoresist is applied onto the 

first insulating film 90 to form a coating film 93 of the pho 
toresist. Then, the coating film 93 is heated to a second tem 
perature that is lower than the temperature at which the pho 
toresist in the coating film 93 is crosslinked, for example, at 
about 90° C. The heating is performed for the purpose of 
evaporating off the solvent component in the coating film 93 
by baking. 

Since the upper layer 90b is fully crosslinked before the 
coating film 93 is formed, it is possible to prevent mixing in 
which the coating film 93 and the upper layer 90b are melted 
together. 
As illustrated in FIG. 32, by subjecting the photoresist 

coating film 93 to exposure and development, a second resist 
pattern 93a is formed on the first insulating film 90. 
The fully crosslinked upper layer 90b is not removed by 

development and remains on the entire surface of the lower 
layer 90a. 
As illustrated in FIG.33, using the first resist pattern 93a as 

a mask and using the first insulating film 90 as a through film, 
an n-type impurity is ion-implanted into the silicon Substrate 
10 to form first n-wells 23 in the silicon substrate 10. The 
n-type impurity is, for example, phosphorus. 
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In the ion implantation, directivity of the n-type impurity 
may be sufficiently disturbed by the first insulating film the 
thickness of which is increased by the stacked structure of the 
lower layer 90a and the upper layer 90b. Therefore, channel 
ing of the n-type impurity may be prevented, and first n-type 
wells 23 may be formed in shallow portions of the substrate 
10. 
The conditions for the ion implantation are not particularly 

limited. For example, the acceleration energy is set at 360+30 
keV, the dose is set at 3x10" cm’t 10%, and the tilt angle is 
Set at 0°. 

In this embodiment, the ion implantation is performed at an 
acceleration energy of 360 keV, a dose of 3x10" cm, and a 
tilt angle of 0°. 

After the ion implantation, the upper layer 90b and the first 
resist pattern 93a are removed by ashing using oxygen 
plasma. The upper layer 90b and the lower layer 90a have 
different etching characteristics, and the lower layer 90a has 
a lower etching rate during ashing. Therefore, the lower layer 
90a remains on the silicon substrate 10 after the ashing. 
As illustrated in FIG. 34, a photoresist is applied onto the 

remaining lower layer 90a, and by exposing and developing 
the photoresist, a second resist pattern 31 is formed. 

Using the second resist pattern 31 as a mask, boron is 
implanted as a p-type impurity into the silicon Substrate 10 to 
form a first p-well 27, a second p-well 28, and a third p-well 
29 in the silicon substrate 10. 

During the ion implantation, in the first insulating film 90, 
the lower layer 90a which remains without being subjected to 
ashing serves as a through film. Thus, the first p-well 27, the 
second p-well 28, and the third p-well 29 may be formed 
using the through film the thickness of which is smaller than 
that of the through film used for forming the first n-wells 23. 

In this embodiment, after the first n-wells 23 are formed, a 
step of forming a through film for the p-wells 27 to 29 is not 
required. Thus, compared with the first embodiment in which 
the second insulating film 30 is formed as a through film for 
the p-wells 27 to 29 as illustrated in FIG. 8, the manufacturing 
process may be simplified. 
The conditions for the ion implantation in the formation of 

the second p-well 29 are not particularly limited. For 
example, the acceleration energy is set at 150+30 keV, the 
dose is set at 3x10" cm’t 10%, and the tilt angle is set at 0°. 

In this embodiment, the ion implantation is performed at an 
acceleration energy of 150 keV and a dose of 3x10" cm’. 

Subsequently, the steps described with reference to FIGS. 
9 to 17 in the first embodiment are carried out. 

According to the embodiment described above, as illus 
trated in FIG. 33, the first insulating film 90 which serves as 
a through film for the first n-wells 23 is formed so as to include 
a two-layer structure including the lower layer 90a and the 
upper layer 90b which have different etching characteristics. 

After the first n-wells 23 are formed, as illustrated in FIG. 
34, the upper layer 90b is removed while leaving the lower 
layer 90a only using the difference in the etching character 
istics, and using the remaining lower layer 90a as a through 
film, the first p-well 27, the second p-well 28, and the third 
p-well 29 are formed. 

Channeling during the formation of the first n-wells 23 
may be prevented by the thick first insulating film having the 
two-layer structure including the lower layer 90a and the 
upper layer 90b, and it is not necessary to newly form a 
through film for forming the p-wells 27 to 29, thus simplify 
ing the manufacturing process. 

Although the embodiments have been described in detail 
above, the present invention is not limited to the embodiments 
described above. For example, in the first embodiment, after 
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18 
the first n-wells 23 are formed, the first p-well 27, the second 
p-well 28, and the third p-well 29 are formed. However, the 
order of formation may be reversed so that the first p-well 27, 
the second p-well 28, and the third p-well 29 are formed first, 
and then the first n-wells 23 are formed. 

All examples and conditional language recited herein are 
intended for pedagogical purposes to aid the reader in under 
standing the invention and the concepts contributed by the 
inventor to furthering the art, and are to be construed as being 
without limitation to such specifically recited examples and 
conditions, nor does the organization of such examples in the 
specification relate to a showing of the Superiority and infe 
riority of the invention. Although the embodiments of the 
present inventions have been described in detail, it should be 
understood that various changes, Substitutions, and alter 
ations could be made hereto without departing from the spirit 
and scope of the invention. 
What is claimed is: 
1. A method of manufacturing a semiconductor device 

comprising: 
forming a first isolation insulating film in a semiconductor 

Substrate to define a first region and a second region; 
forming a second isolation insulating film in the semicon 

ductor substrate to define a third region and a fourth 
region; 

forming a first insulating film with a first thickness over the 
first region, the second region, the third region, the 
fourth region, the first isolation insulating film, and the 
second isolation insulating film; 

implanting a first impurity of a first conductivity type, 
through the first insulating film, into the first region, the 
second region, and the fourth regionata first depth in the 
semiconductor Substrate; 

forming a second insulating film with a second thickness 
thinner than the first thickness over the first region, the 
second region, the third region, the fourth region, the 
first isolation insulating film, and the second isolation 
insulating film; 

implanting a second impurity of a second conductivity 
type, through the second insulating film, into the third 
region at a second depth in the semiconductor Substrate; 

implanting a third impurity of the second conductivity type 
into the third region at a third depth shallower than the 
second depth; 

forming a first transistor including first source/drain 
regions of the first conductivity type in the third region; 
and 

forming a second transistor including second source/drain 
regions of the second conductivity type in the fourth 
region. 

2. The method according to claim 1, wherein the first 
insulating film and the second insulating film are each a 
silicon oxide film. 

3. The method according to claim 1, wherein the first 
insulating film is formed on the second insulating film; 

after the first impurity is implanted, the first insulating film 
is removed while leaving the second insulating film; 

after the first insulating film is removed, the second impu 
rity is implanted. 

4. The method according to claim 3, wherein the second 
insulating film is a silicon oxide film, and the first insulating 
film is a photoresist layer. 

5. The method according to claim 4, wherein the first 
impurity is implanted using, as a mask, a resist pattern formed 
over the photoresist layer. 

6. The method according to claim 5, wherein the photore 
sist is formed by forming a first coating film over the second 
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insulating film, and then heating the first coating film at a first 
temperature higher than a temperature at which the first coat 
ing film is crosslinked; and 

the resist pattern is formed by forming a second coating 
film over the photoresist layer, then heating the second 
coating film at a second temperature which is lower than 
a temperature at which the second coating film is 
crosslinked, and exposing and developing the second 
coating film. 

7. The method according to claim 1, wherein the second 
depth is deeper than the first depth. 

8. The method according to claim 1, wherein the second 
impurity is implanted using, as a mask, a mask layer including 
windows on the third region and the first isolation insulating 
film. 

9. The method according to claim 1, wherein the third 
impurity is implanted through the second insulating film. 

10. The method according to claim 1, wherein the concen 
tration peak of the second impurity is located at a position 
deeper than a bottom of the second isolation insulating film, 
and the concentration peak of the third impurity is located at 
a position shallower than the bottom of the second isolation 
insulating film. 
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11. The method according to claim 1, wherein the first 

region and the fourth region are electrically coupled to each 
other by the first impurity. 

12. The method according to claim 1, further comprising: 
implanting a fourth impurity of the first conductivity type 

into a fifth region at a fourth depth deeper than both the 
first depth and the second depth; and 

forming a third transistor including third source/drain 
regions of the first conductivity type in the fifth region, 

wherein, in implanting of the second impurity, the second 
impurity is also implanted into the fifth region. 

13. The method according to claim 1, further comprising: 
forming a fourth transistor including fourth source/drain 

regions of the second conductivity type and including a 
second gate length larger than a first gate length of the 
second transistor in a sixth region of the semiconductor 
Substrate, 

wherein in implanting of the first impurity, the first impu 
rity is also implanted into the sixth region, and the sec 
ond region and the sixth region is electrically coupled to 
each other by the first impurity. 

14. The method according to claim 1, wherein the first 
conductivity type is an n-type, and the second conductivity 
type is a p-type. 


